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Introduction {#sec001}
============

Herpesviruses are large DNA viruses that cause widespread, lifelong infections; most adults carry multiple herpesviruses \[[@ppat.1005701.ref001]\]. The herpesvirus family is divided into three subfamilies, the *Alpha-*, *Beta-* and *Gammaherpesvirinae*. The subfamily of *Alphaherpesvirinae* includes the herpes simplex virus type 1 and type 2 (HSV-1 and 2) and varicella zoster virus (VZV). HSV-1 causes cold sores and herpes simplex keratitis, a common cause of corneal blindness \[[@ppat.1005701.ref002], [@ppat.1005701.ref003]\]. HSV-2 is responsible for genital herpes. Primary infection with VZV results in chickenpox; reactivation may lead to herpes zoster or shingles \[[@ppat.1005701.ref004]\]. The subfamily of *Betaherpesvirinae* includes the human cytomegalovirus (HCMV), which gives rise to serious complications in immuno-compromised individuals \[[@ppat.1005701.ref005], [@ppat.1005701.ref006]\]. Additionally, HCMV is the most common viral cause of congenital defects. The *Gammaherpesvirinae* include Epstein-Barr virus (EBV) and Kaposi\'s sarcoma-associated herpesvirus (KSHV). EBV induces infectious mononucleosis and is strongly associated with multiple malignancies, including nasopharyngeal carcinoma, Burkitt's lymphoma, Hodgkin's lymphoma, gastric carcinoma, and post-transplant lymphoproliferative disorders (PTLD) \[[@ppat.1005701.ref007]\]. KSHV is a human tumor virus that is associated with Kaposi\'s sarcoma and two lymphoproliferative disorders occurring in AIDS patients: primary effusion lymphoma and multicentric Castleman disease \[[@ppat.1005701.ref008]\].

Current treatment options to restrict the clinical manifestations of productive herpesvirus infections are limited and all approved antiviral agents target the viral DNA polymerase \[[@ppat.1005701.ref009], [@ppat.1005701.ref010]\] during the productive (lytic) phase of infection. Herpesviruses, however, are characterized by their ability to establish a quiescent, latent state \[[@ppat.1005701.ref001]\]. During latency, herpesviruses express only few viral gene products allowing them to persist in the host without being effectively cleared by our immune system. During this stage, herpesviruses are not actively replicating their viral genomes by viral DNA polymerases, rendering antiviral treatments targeting these polymerases ineffective. Occasionally, herpesviruses reactivate, thereby producing new virus progeny; depending on the herpesvirus in question, reactivation may cause serious disease \[[@ppat.1005701.ref001]\]. Examples are herpes simplex keratitis, genital herpes and herpes zoster, caused by HSV-1, HSV-2 and VZV, respectively. For EBV, pathology is mainly associated with latent infection which is associated with the occurrence of various tumors of lymphoid and epithelial origin \[[@ppat.1005701.ref011]\]. There is a need to clear the latent infection, as this would allow the removal of herpesvirus pathogens from the human host; this would prevent future reactivation events and herpesvirus-associated diseases.

Archaea and bacteria have evolved an adaptive immune system comprised by CRISPR/Cas (clustered regularly interspaced short palindromic repeats (CRISPR)---CRISPR--associated (Cas) systems) that use short RNA molecules to induce degradation of foreign nucleic acids of viruses and other genetic elements \[[@ppat.1005701.ref012]--[@ppat.1005701.ref015]\]. Recently, this CRISPR/Cas9 system has been engineered to induce robust RNA-guided genome modifications in human cells \[[@ppat.1005701.ref016]\]. By co-expressing a bacterial Cas9 nuclease with a guideRNA (gRNA), one can direct Cas9 to almost any site in the genome and induce cleavage of double stranded DNA (dsDNA) at the target site \[[@ppat.1005701.ref016]\]. This cleaved DNA is subsequently 'repaired' by mammalian DNA repair mechanisms that are inherently error-prone, thereby inducing insertions and deletions ('indels') and mutations at the target site. Applications of the CRISPR/Cas9 system are currently revolutionizing the field of molecular biology. Researchers are now able to generate full knockouts for any gene in any cell-type \[[@ppat.1005701.ref017], [@ppat.1005701.ref018]\], induce specific editing/mutagenesis of loci \[[@ppat.1005701.ref015], [@ppat.1005701.ref017], [@ppat.1005701.ref019]\], edit multiple alleles simultaneously \[[@ppat.1005701.ref020], [@ppat.1005701.ref021]\], in addition to many other applications \[[@ppat.1005701.ref012], [@ppat.1005701.ref015], [@ppat.1005701.ref022]\]. The CRISPR/Cas9 system has also been engineered to selectively modify dsDNA viruses \[[@ppat.1005701.ref023]--[@ppat.1005701.ref030]\], positive-sense single stranded RNA viruses, such as Hepatitis C \[[@ppat.1005701.ref031]\] and integrated HIV proviral DNA in human cells \[[@ppat.1005701.ref032]--[@ppat.1005701.ref036]\]. Therefore, CRISPR/Cas9 targeting of herpesviral genomes may provide a powerful strategy to combat these viruses.

In this study, we set out to explore whether the CRISPR/Cas9 system can be rewired to limit herpesvirus infection during the latent and productive stage of the viral life cycle. For this, we usurped the CRISPR/Cas9 system to induce efficient editing of the genomes of three prototypic members of the human herpesvirus family. By targeting gRNAs to essential viral genes, we show effective abrogation of HCMV and HSV-1 replication. Simultaneous targeting of HSV-1 with two gRNAs completely impaired the production of new infectious particles from human cells. Using the same approach, EBV can be efficiently cleared from latently infected EBV-transformed human tumor cells. On the contrary, CRISPR/Cas9 appears inefficient at targeting quiescent HSV-1 genomes whereas replication post virus reactivation can be efficiently abrogated. The data presented in this study indicate the potential of the CRISPR/Cas9 system as a new therapeutic strategy to combat pathogenic human herpesviruses.

Results {#sec002}
=======

Direct editing of EBV genomes using the CRISPR/Cas9 system {#sec003}
----------------------------------------------------------

We set out to explore whether the CRISPR/Cas9 system could be targeted to the genome of human herpesviruses to directly limit virus replication in human cells. We generated a lentiviral CRISPR/Cas9 vector and asked whether human herpesviruses within infected cells can be genetically modified using this system. We initially focused our efforts on EBV, whose dsDNA genome resides in the nucleus of infected cells \[[@ppat.1005701.ref007]\]. EBV can establish latency in B-lymphocytes, where the EBV genome circularizes and resides as an episome in the nucleus. During latency, the virus does not produce virus progeny \[[@ppat.1005701.ref007]\] and expresses a limited number of viral proteins, in addition to non-coding RNAs, including a large set of miRNAs. We assessed whether these viral miRNA genes were amendable to CRISPR/Cas9 editing (see [S1C Fig](#ppat.1005701.s001){ref-type="supplementary-material"} for a graphical representation of the experimental setup). The latently infected gastric carcinoma cell line SNU-719 was transduced to express CRISPR/Cas9 gRNAs targeting the viral miRNAs BART5, BART6, or BART16. The relative miRNA activity of these specific miRNAs was assessed using miRNA sensor constructs in which a single miRNA target site was cloned downstream of the fluorescent mCherry reporter ([S1B Fig](#ppat.1005701.s001){ref-type="supplementary-material"}). Introduction of the miRNA sensors in SNU-719 cells resulted in downregulation of mCherry expression ([S1B Fig](#ppat.1005701.s001){ref-type="supplementary-material"}), confirming functional expression of the miRNAs in these cells. Expression of the sensors was partially restored upon treatment of the cells with gRNAs targeting the corresponding miRNAs ([Fig 1A](#ppat.1005701.g001){ref-type="fig"}), indicating site-specific editing of the EBV genome. Indeed, sequencing of the genomic miRNA loci showed editing of the targeted regions ([Fig 1B](#ppat.1005701.g001){ref-type="fig"}). Hence, the CRISPR/Cas9 system allows for direct editing of the genome of latent EBV in EBV-positive tumor cells.

![Editing of the EBV genome in latently infected tumor cells using CRISPR/Cas9.\
**a)** Latently infected gastric carcinoma SNU719 cells were transduced with lentiviral CRISPR/Cas vectors targeting the indicated EBV miRNA genes. The lines were subsequently selected with puromycin for 2 days and allowed to recover for 12 days. The activity of the targeted miRNAs was subsequently monitored by introduction of the indicated miRNA sensor vectors and assessment of the mCherry reporter expression after 4 days. Increased sensor expression indicates a loss of EBV miRNAs. The activities for the EBV miRNAs in the absence of gRNAs is presented in [S1 Fig](#ppat.1005701.s001){ref-type="supplementary-material"}. **b)** Sequencing of CRISPR-targeted EBV genomes indicates editing at the target sites. The EBV genomic locus of BART5 and BART16 were amplified by PCR, cloned in a DNA cloning vector, and subjected to Sanger DNA sequencing. The miRNA sequence is presented in yellow, the gRNA-target sites are displayed in bold, the PAM sequence as red, underlined text, and the cleavage site as a triangle. The number of times each variant has been sequenced is indicated.](ppat.1005701.g001){#ppat.1005701.g001}

CRISPR/Cas9-mediated targeting of essential EBV genetic elements clears EBV from latently infected lymphoma cells {#sec004}
-----------------------------------------------------------------------------------------------------------------

Since EBV can serve as a target for CRISPR/Cas9 genome editing, we reasoned that targeting of viral genetic factors critically involved in EBV genome maintenance could render the virus unstable, causing its loss from latently infected cells. We designed gRNAs targeting the viral EBV nuclear antigen 1 (EBNA1) and several areas within the EBV origin of replication (OriP). The latter included EBNA1 binding sites and the dyad symmetry element, all of which are involved in EBV episome maintenance and replication \[[@ppat.1005701.ref037], [@ppat.1005701.ref038]\]. As a model system we used the Burkitt's lymphoma Akata-Bx1 cells that carry a recombinant EBV expressing eGFP under control of the CMV promoter \[[@ppat.1005701.ref039]\]. Hence, eGFP expression serves as a marker for the presence of EBV in these cells. Upon transduction of the Akata-Bx1 cells with gRNAs targeting EBNA1, we observed a loss in eGFP expression in 40--60% of the cells, which did not occur in control cells expressing gRNAs targeting cellular genes ([Fig 2A and 2B](#ppat.1005701.g002){ref-type="fig"}). Also targeting the EBNA1 binding sites within the EBV OriP and the dyad symmetry element induced a clear loss in eGFP expression from Akata-Bx1 cells ([Fig 2A and 2B](#ppat.1005701.g002){ref-type="fig"}), suggesting depletion of EBV from these cells. Sequential introduction of combinations of these active gRNAs induced an almost complete loss of eGFP from the majority of cells ([Fig 2B](#ppat.1005701.g002){ref-type="fig"}, right bar diagrams). We assessed the EBV content in these gRNA-expressing Akata-Bx1 cells by qPCR and indeed detected a strong reduction of the EBV genome content in the cells carrying double gRNAs ([Fig 2C](#ppat.1005701.g002){ref-type="fig"}). Targeting EBNA1 with two different gRNAs proved most efficient, inducing over 95% loss of EBV genomes. These results indicate that CRISPR/Cas9-mediated targeting of essential regions within the EBV dsDNA effectively reduces the viral genome content in latently infected cells.

![CRISPR/Cas9-mediated clearance of EBV genomes from latently infected Burkitt's lymphoma cells.\
**a)** Anti-EBV gRNAs induce a potent loss of EBV genomes from latently infected cells. Burkitt's lymphoma Akata-Bx1 cells latently infected with eGFP-EBV (endogenously driving eGFP expression) were transduced with anti-EBV gRNAs targeting EBNA1, OriP, or control genes and selected with puromycin for 2 days. Subsequently, the cells were monitored for the presence of EBV-eGFP by flow cytometry 21 days post transduction. The percentage of eGFP negative cells as measure for EBV-eGFP loss is indicated. **b)** Combinatorial anti-EBV gRNA treatment of Akata-Bx1 cells causes increased loss of EBV genomes from latently infected cells. Similar experimental set-up as in a), but with a larger set of anti-EBV gRNAs and combinations thereof introduced through sequential application of two separate CRISPR vectors. The percentage of EBV-eGFP negative cells is presented. **c)** Samples from b) were subjected to qPCR to quantify the relative EBV genome content in the indicated gRNA-expressing Akata-Bx1 cells. Since the amplified region in the qPCR lies outside the genomic region that is targeted by the gRNAs, the qPCR can also detect mutated, yet repaired EBV variants. For all bar diagrams, measurements for (at least) triplicate experiments + STD are presented.](ppat.1005701.g002){#ppat.1005701.g002}

CRISPR/Cas9 targeting of essential HCMV protein-encoding genes impairs virus replication {#sec005}
----------------------------------------------------------------------------------------

Since CRISPR/Cas9 proved efficient in editing and clearing latent EBV infections, we next assessed whether we could impact herpesvirus replication in human cells. For this, we turned to a lytic infection model for HCMV, the most-commonly studied member of the *Betaherpesvirinae*. Replication of HCMV is dependent on a large number of viral replication factors. We selected seven of these essential genes and asked whether CRISPR/Cas9 targeting of these genes impact virus infection. We designed four gRNAs per gene for the viral polymerase *UL54*, the polymerase accessory protein *UL44*, the single strand DNA binding protein *UL57*, the primase *UL70*, the DNA helicase *UL105*, the major capsid protein *UL86*, and *UL84*, which is involved in the initiation of viral DNA replication \[[@ppat.1005701.ref040], [@ppat.1005701.ref041]\]. After lentiviral delivery of the gRNAs to MRC5 cells, the cells were challenged with eGFP-encoding HCMV derived from the TB40/E strain \[[@ppat.1005701.ref042]\]. For each of the essential HCMV genes, one or more gRNAs were capable of almost completely impairing HCMV replication which resulted in survival of the cells and absence of eGFP expression as assessed by flow cytometry ([Fig 3A](#ppat.1005701.g003){ref-type="fig"}). Unexpectedly, none of the gRNAs targeting UL84 were effective at limiting infection ([Fig 3A](#ppat.1005701.g003){ref-type="fig"}). In cells transduced with control vector or vectors carrying gRNAs targeting host genes, the percentage of eGFP-positive cells was similar as observed for untransduced cells ([Fig 3A](#ppat.1005701.g003){ref-type="fig"}). The gRNAs targeting the nonessential HCMV genes *US6*, *US7*, and *US11* also did not interfere with HCMV replication. We assessed the percentage of HCMV sequences that were edited at the US7 and US11 target sites via CRISPR/Cas9 engineering, and observed alteration at these sites in 76 and 95% of cases, respectively. This shows that, although these genes were mutated, this did not interfere with virus replication.

![Anti-HCMV gRNAs efficiently abrogate HCMV replication in human cells.\
**a)** Targeting essential HCMV genes with CRISPR/Cas9 impairs HCMV replication. MRC5 cells transduced with the indicated gRNAs were infected with HCMV-eGFP strain TB40/E at an MOI of 0.05 and subjected to flow cytometry at 2, 5, 8, and 11 dpi to assess the percentage of eGFP-positive infected cells. For each essential gene, four different gRNAs were monitored. Besides targeting human genes as controls, gRNAs targeting nonessential HCMV genes US6, US7, and US11 were included. **b)** Anti-HCMV gRNAs impair replication of both TB40/E and AD169 strains with the exception of anti-UL84 gRNAs. gRNA-expressing MRC5 cells were infected with eGFP-tagged TB40/E or AD169 and the percentage of eGFP-expressing cells was monitored at 2, 5, and 8 dpi. For bar diagrams in a) triplicate measurements + STD are presented. Bar diagrams in b) are from (at least) duplicate measurements.](ppat.1005701.g003){#ppat.1005701.g003}

The inhibitory capacity of the anti-HCMV gRNAs was also assessed towards a different strain of HCMV: AD169. Most gRNAs that were effective at limiting TB40/E replication also impaired AD169 replication ([Fig 3B](#ppat.1005701.g003){ref-type="fig"}). Unlike TB40/E, AD169 was targeted successfully by two independent gRNAs directed against *UL84* ([Fig 3B](#ppat.1005701.g003){ref-type="fig"}). Hence, replication of AD169 crucially depends on UL84, whereas replication of TB40/E does not. This data agrees with experiments described by Spector and Yetming \[[@ppat.1005701.ref043]\].

In conclusion, effective inhibition of HCMV replication can be achieved using the CRISPR/Cas9 technology; this requires targeting of essential HCMV genes.

Inefficient targeting of HCMV by single gRNAs selects for viral escape mutants after prolonged replication {#sec006}
----------------------------------------------------------------------------------------------------------

Many single anti-HCMV gRNAs effectively impaired HCMV infection, preventing virus replication and spread up to 11 days post infection ([Fig 3A](#ppat.1005701.g003){ref-type="fig"}). However, replication-competent virus emerged after prolonged culture of cells in the majority of gRNA expressing cells. This may be due to the outgrowth of virus variants that harbor CRISPR/Cas9-induced mutations that still allow for expression of functional proteins. To assess this, virus variants were isolated from two cultures of CRISPR-expressing cells that were infected at high MOI (0.5) and displayed outgrowth of virus after 21 days of culture (UL57 gRNA \#1 and UL70 gRNA \#4). Subsequent 454 sequencing of the targeted genes predominantly detected variants that maintained the correct reading frame of these two essential genes ([Fig 4](#ppat.1005701.g004){ref-type="fig"}) as mostly deletions of complete codons (i.e. 3-6-9-12 bp, etc) were detected. We quantified the number of sequences with frameshift variants, and observed a clear depletion of these in the anti-HCMV gRNA expressing cells targeting essential genes (1,3% for UL57 \#1, and 4,6% for UL70 \#4) as compared to gRNAs targeting the nonessential genes US7 and US11 (83,5 and 85,8% respectively) ([Fig 4A](#ppat.1005701.g004){ref-type="fig"}). Furthermore, the sequence complexity of the mutants selected upon UL57 and UL70 targeting was low ([Fig 4B and 4C](#ppat.1005701.g004){ref-type="fig"}), suggesting selection of few 'fit' variants and subsequent expansion of these infectious mutants over time. To conclude, the CRISPR/Cas9-technology represents a promising strategy to impair HCMV replication; however, its successful application requires effective modification of the viral genome to avoid the emergence and selection of escape variants that bypass CRISPR/Cas9 editing.

![Targeting of HCMV by single gRNAs directed against essential genes selects for viral escape mutants after prolonged culture.\
**a)** Sequence analysis of HCMV-eGFP variants present after 21 days of culturing in anti-UL57 and UL70 gRNA-expressing cells. The sequences of mutant variants were assessed and the percentage of these that contain in frame-shift mutations at the target site are presented. Genomic DNA was amplified by PCR and subjected to 454 sequencing. Sequences of HCMV variants upon CRISPR/Cas9 targeting of the nonessential HCMV genes US7 and US11 were derived at two days post infection. Number of sequences analyzed: 333 for US7, 331 for US11, 319 for UL57, and 541 for UL7. Bar diagrams are derived from a single 454 sequencing experiment. **b and c)** Commonly sequenced variants are depicted for UL57 \#1 and UL70 \#4. The gRNA-target site is displayed in bold, the PAM sequence as red underlined text, and the cleavage site as a triangle. The number of reads per variant is indicated.](ppat.1005701.g004){#ppat.1005701.g004}

CRISPR/Cas9 targeting of essential HSV-1 protein-encoding genes impairs virus replication {#sec007}
-----------------------------------------------------------------------------------------

Since CRISPR/Cas9 proved efficient in limiting productive infection of the slowly replicating HCMV virus, we next assessed whether also the fast replicating alphaherpesvirus HSV-1 can be inhibited using this approach. We designed four gRNAs/gene targeting twelve essential HSV-1 genes \[[@ppat.1005701.ref044]\]: the terminase *UL15*, the glycoprotein B coding *UL27*, the major binding protein *UL29*, the DNA polymerase *UL30*, the tegument protein *UL36*, the capsid assembly protein *UL37*, the DNA polymerase processivity factor *UL42*, the DNA replication protein *UL5*, the DNA helicase/primase complex protein *UL52* and associated protein *UL8*, the transcriptional regulation protein *UL54*, and the replication origin binding protein *UL9*. We included gRNAs targeting the nonessential protein kinase *US3* and the surface membrane protein *US8*. These anti-HSV-1 gRNAs were introduced into Vero cells. Subsequently, the cells were infected with HSV-1-eGFP, and monitored for eGFP expression as a measure for HSV-1 infection after 2 days. High percentages of infected cells were detected in untransduced cells and in cells transduced with empty vector or with vectors carrying gRNAs directed against cellular genes ([Fig 5A](#ppat.1005701.g005){ref-type="fig"}). Most gRNAs targeting essential HSV-1 genes impaired virus replication effectively. In contrast to our observations for HCMV, targeting of nonessential HSV-1 genes (US3 and US8) also reduced HSV-1 replication, albeit to a lesser extent as compared to targeting essential genes.

![Anti-HSV-1 gRNAs impair HSV-1 replication.\
**a)** Vero cells were transduced with the indicated gRNAs and subsequently infected with HSV-1-eGFP at an MOI of 0.05. To assess the percentage of virus-infected cells, eGFP-expression was analyzed by flow cytometry at 2 dpi. Four gRNAs/gene targeting twelve essential HSV-1 genes and two non-essential genes (US3 and US8) were assessed. As controls, empty vector-transduced cells and gRNAs targeting the human genes *HLA-A* and *B2M* are presented. **b)** Prolonged inhibition of HSV-1 replication by gRNAs targeting essential genes UL8, UL29, and UL52. Select gRNA-expressing cells from a) were monitored for HSV-1-eGFP presence at 2 and 3 dpi. **c)** Indicated gRNA-expressing cells were infected with HSV-1-eGFP at MOI 0.5 or 0.05 and the amount of HSV-1 viral genomes present in the supernatant was assessed by qPCR at 4 dpi. The relative HSV-1 genome content was normalized to supernatant harvested from cells transduced with vector control. For all bar diagrams, measurements for triplicate experiments are presented + STD.](ppat.1005701.g005){#ppat.1005701.g005}

Infection of gRNA-expressing Vero cells with HSV-1 resulted in breakthrough of HSV-1 for most gRNAs at 3 dpi ([Fig 5B](#ppat.1005701.g005){ref-type="fig"}). Interestingly, the gRNAs targeting UL29, and the primase-helicase complex genes UL8 and UL52 \[[@ppat.1005701.ref045], [@ppat.1005701.ref046]\] maintained their potency at 3 dpi. This effect was apparent at both high (0.5) and low MOI (0.05) and resulted in a concomitant loss of HSV-1 genomes from infected cells ([Fig 5C](#ppat.1005701.g005){ref-type="fig"}). These results indicate that infection with the fast replicating HSV-1 can be limited considerably; this, however, requires the use of effective gRNAs.

Simultaneous targeting of HSV-1 with two gRNAs completely impairs replication {#sec008}
-----------------------------------------------------------------------------

When using single gRNAs, prolonged propagation of cells infected with herpesviruses at high MOIs may result in the selection of escape mutants that bypass CRISPR/Cas9 editing. Simultaneous targeting of multiple essential viral genes may impair viral replication more effectively and prevent the generation of escape mutants. To investigate this possibility, Vero cells expressing single gRNAs targeting the essential HSV-1 genes UL8, UL29, or UL52 were compared to cells carrying double gRNAs targeting combinations of these genes. Cells expressing single gRNAs were partially protected from challenge with HSV-1 at high MOI, but the cells were not able to clear HSV-1 at 3 dpi ([Fig 6A](#ppat.1005701.g006){ref-type="fig"}). Expressing double anti-HSV-1 gRNAs, however, induced a gradual loss of HSV-1 infected cells and resulted in a cell population that was HSV-1 negative at 3 dpi ([Fig 6A](#ppat.1005701.g006){ref-type="fig"}). Similar results were obtained when double anti-HSV-1 gRNAs were introduced in human MRC5 cells that were challenged with HSV-1 ([Fig 6B](#ppat.1005701.g006){ref-type="fig"}). To monitor the impact of the gRNAs on the generation of HSV-1 progeny, we assessed virus titers in the supernatants of these single and double gRNA-expressing cells via plaque assay ([Fig 6C and 6D](#ppat.1005701.g006){ref-type="fig"}). As expected, we observed a clear drop in the amount of infectious viral particles present in the supernatants of these gRNA-expressing cells. A single gRNA targeting UL52 resulted in a four-log reduction in virus titer ([Fig 6C](#ppat.1005701.g006){ref-type="fig"}). Combining two gRNAs targeting UL29 and UL8 or UL29 and UL52, however, caused a complete loss of infectious viral particles, with more than six log reduction in progeny virus ([Fig 6C](#ppat.1005701.g006){ref-type="fig"}). In the plaque assay performed with supernatants harvested from single gRNA-expressing cells, smaller 'plaques' appeared that were not visible by eye. This was especially apparent for viruses harvested from the anti-UL8 gRNA-expressing cells ([Fig 6D](#ppat.1005701.g006){ref-type="fig"}, lower panel). We speculate that the reduced plaque size was caused by mutant, attenuated virus. Importantly, we did not observe any signs of infection in the plaque assay performed with supernatants harvested from double gRNA-expressing cells. Therefore, our results show that simultaneous targeting of multiple essential viral genes using CRISPR/Cas9 greatly improves the efficiency at which herpesviruses are cleared from infected cells as compared to single gene targeting.

![Simultaneous targeting of HSV-1 with two gRNAs completely impairs virus replication.\
**a)** Vero cells were transduced with the indicated single or double gRNAs and subsequently infected with HSV-1-eGFP at an MOI of 0.5. Cells were analyzed for eGFP-expression by flow cytometry at 1, 2, and 3 dpi to assess the percentage of virus-infected cells. **b)** Similar experiment as in a) but now performed in human MRC5 cells and at an MOI of 0.005, as MRC5 cells are more susceptible to HSV-1 infection. Cells were analyzed for eGFP-expression by flow cytometry at 1 dpi and 3 dpi to assess the percentage of successfully infected cells. **c)** Supernatants from b) were subjected to plaque assays to quantify the infectious HSV-1 titer produced by gRNA-expressing MRC5 cells that had been infected with HSV-1-eGFP three days earlier. Plaques were scored if visible by eye. **d)** Plaques from c) obtained after infection of cells with HSV-1 harvested from control or anti-*UL8* gRNA-expressing MRC5-cells were analyzed by light-microscopy. Whereas large plaques ('P') are observed in infected cells not carrying any gRNAs, virus harvested from UL8 gRNA- expressing cells induced microplaques. In double gRNA-treated cells, no signs of infection were observed. For all bar diagrams, measurements of triplicate experiments are presented + STD.](ppat.1005701.g006){#ppat.1005701.g006}

No detectable off-target editing at predicted off-target sites within the human genome {#sec009}
--------------------------------------------------------------------------------------

Since prolonged expression of Cas9 and gRNAs in human cells could result in editing at off-target sites, we analyzed the activity of nine gRNAs to the top three predicted off-target sites within the human genome. We PCR-amplified these 27 loci from gRNA-expressing and control cells and subjected these to 454 sequencing ([S3 Table](#ppat.1005701.s007){ref-type="supplementary-material"}) or conventional Sanger sequencing ([S2 Fig](#ppat.1005701.s002){ref-type="supplementary-material"}). Importantly, no signs of CRISPR/Cas9-induced editing at these loci were detected, suggesting that overt editing at undesired sites did not occur.

Anti-HSV-1 CRISPR gRNAs abrogate replication of HSV-1 reactivated from quiescence {#sec010}
---------------------------------------------------------------------------------

Next, we assessed whether the CRISPR/Cas9 system can target the latent state of HSV-1 in infected cells. As a model, we adapted the *in vitro* HSV-2 quiescence model previously established by Russell and Preston \[[@ppat.1005701.ref047], [@ppat.1005701.ref048]\]. In short, MRC5 human lung fibroblast cells were infected with HSV-1-eGFP and immediately incubated at 42°C for 4 days. At this temperature, HSV-1 replication is non-permissive and the virus establishes a quiescent state resembling latency. Upon subsequent incubation of the culture at 37°C, HSV-1 remains in a quiescent stage for a prolonged period of time ([S3A Fig](#ppat.1005701.s003){ref-type="supplementary-material"}). Upon subsequent superinfection with AD169 HCMV, HSV-1-eGFP reactivates from quiescence resulting in virus spread to neighboring cells which can be monitored by assessing CPE by microscopy or eGFP expression by flow cytometry ([S3A and S3B Fig](#ppat.1005701.s003){ref-type="supplementary-material"}). Although the MRC5 cells contain quiescent HSV-1, the cells themselves are not quiescent and maintain the ability to divide. As there is a gradual loss of quiescent HSV-1 prior to reactivation caused by cell division, the timeframe to study the effect of anti-HSV-1 gRNAs is limited. Therefore, to increase lentiviral titers carrying anti-HSV-1 gRNAs, we expressed Cas9 from a separate lentiviral vector and generated an MRC5 line stably expressing the endonuclease (MRC5-Cas9 cells). Upon establishment of a quiescent HSV-1 infection in these cells, anti-HSV-1 gRNAs were introduced and selected to purity. We next assessed the effect of these gRNAs on HSV-1 reactivation by superinfection with HCMV. Untreated MRC5 cells containing quiescent HSV-1 showed no signs of HSV-1-eGFP replication ([Fig 7A](#ppat.1005701.g007){ref-type="fig"}, cells alone), whereas superinfection of these cells with HCMV resulted in reactivation of HSV-1-eGFP and subsequent virus replication and spread ([Fig 7A](#ppat.1005701.g007){ref-type="fig"}, cells alone, reactivated HSV-1). Quiescent HSV-1 was also efficiently reactivated in control cells transduced with empty gRNA vector, resulting in rapid spread of HSV-1-eGFP, ([Fig 7A](#ppat.1005701.g007){ref-type="fig"}, vector control, reactivated HSV-1). However, cells expressing anti-HSV-1 gRNAs targeting UL8, UL52, or UL29 displayed abrogated HSV-1-eGFP replication.

![Anti-HSV-1 CRISPR gRNAs are ineffective in targeting quiescent HSV-1 but do abrogate replication of reactivated HSV-1.\
**a)** MRC5 cells exogenously expressing Cas9 were infected with quiescent HSV-1-eGFP. Anti-HSV-1 gRNAs were introduced into the MRC5-Cas9 cells via lentiviral transduction and cells were subsequently superinfected with HCMV to reactivate latent HSV-1. The percentage of cells with replicating HSV-1 were assessed 3 days post HCMV superinfection by flow cytometry. Two quiescent control ('cells alone') samples are presented: one not superinfected with HCMV to assess spontaneous HSV-1 reactivation levels, and one superinfected with HCMV to assess the reactivation potential and subsequent HSV-1 replication in these cells. Control vector corresponds to empty gRNA-vector. **b)** Relative amount of HSV-1 genomes in quiescent HSV-1-eGFP cells transduced with the indicated gRNAs as assessed by TaqMan qPCR. DNA input was normalized to RNAseP levels. The relative HSV-1 content was compared to quiescent MRC5 cells transduced with empty vector control lentivirus. **c)** Analysis of anti-HSV-1 genome editing by next generation sequencing. The percentage of WT sequences at the indicated target sites is presented upon introduction of the corresponding gRNA. For UL8 and UL52, two samples were analyzed. In control vector treated quiescent HSV-1 cells, no CRISPR/Cas9 editing was observed at these target sites (gRNA specific indels \<0.1%). CRISPR/Cas9 genome editing was only observed for UL52 \#2 and UL8 \#2 where CRISPR/Cas9 editing was apparent in ±6 and ±1% of sequences. The nature of these mutations is presented in [S4 Fig](#ppat.1005701.s004){ref-type="supplementary-material"}.](ppat.1005701.g007){#ppat.1005701.g007}

The observed block in HSV-1-eGFP replication upon reactivation may be caused by direct targeting of the quiescent HSV-1 genome by the CRISPR/Cas9 system. The latter could result in destabilization of the quiescent genome or mutagenesis of essential genes. To assess the mechanism of the observed interference with HSV-1 replication, we isolated genomic DNA from gRNA-expressing quiescent MRC5-Cas9 cells prior reactivation and quantified their HSV-1 genome content by qPCR. No evident loss of HSV-1-eGFP genomes was observed in anti-HSV-1-gRNA expressing cells as compared to control cells ([Fig 7B](#ppat.1005701.g007){ref-type="fig"}). We next assessed whether CRISPR/Cas9-induced editing of the quiescent HSV-1 genomes occurred at the gRNA target sites. For this, we PCR-amplified and deep-sequenced the gRNA target sites from quiescent cells in the presence or absence of anti-HSV-1 gRNAs ([Fig 7C](#ppat.1005701.g007){ref-type="fig"}). No indels were present in any of the 5 lines receiving empty vector gRNA controls. Minor editing frequencies were detected in 2 out of 5 gRNA-expressing samples where 6 and 1% of sequences contained indels in a UL52 and UL8 gRNA-expressing line respectively ([Fig 7C](#ppat.1005701.g007){ref-type="fig"} and [S4 Fig](#ppat.1005701.s004){ref-type="supplementary-material"}). Intriguingly, most of the mutant UL52 reads were from a single 21 in-frame deletion that could result in functional UL52 protein, suggesting that it has been actively selected for. As no selection occurs during quiescence due to absence of virus replication, we speculate that the low percentage of CRISPR/Cas9 indel formation was not caused by targeting of the quiescent genome, but rather by editing of newly produced viral genomes in sporadic spontaneously reactivated cells. Indeed, the potent effect of gRNAs on reactivated HSV-1-eGFP ([Fig 7A](#ppat.1005701.g007){ref-type="fig"}) cannot be explained by the ineffective indel formation measured in [Fig 7C](#ppat.1005701.g007){ref-type="fig"} and points towards editing of newly produced viral genomes.

To conclude, our data suggest that anti-HSV-1 gRNAs can actively restrict replicating virus, but, in the model used, are inefficient at targeting the HSV-1 genome during quiescence when directing gRNAs to the genomic regions of UL8, UL29, and UL52.

Discussion {#sec011}
==========

Herpesviruses such as HSV-1, HSV-2, HCMV and EBV are a frequent cause of disease and treating these herpesvirus infections remains a major challenge. Current therapies are mainly geared towards limiting productive infections by targeting virus replication via antiviral drugs such as the guanosine analogues acyclovir and ganciclovir. Although these compounds effectively inhibit the viral DNA polymerase during replication, they have limited impact on the latent stage of herpesvirus infections that relies on host polymerases for viral genome maintenance in dividing cells \[[@ppat.1005701.ref007]\]. Strategies to impact the latent stage of infection often depend on reactivation of a latent infection by using chemotherapeutic agents and subsequent targeting of these cells by e.g. ganciclovir \[[@ppat.1005701.ref049]\]. Such strategies are not always effective and may result in loss of the target cell. Although this approach may be beneficial to clear EBV-driven cancer cells, other instances ask for sparing of the infected cell, for example in HSV-1, HSV-2 and VZV-infected neurons. Hence, there is a need for a direct and potent strategy to limit herpesvirus infections by specifically targeting the viral genome or its maintenance. Preferably, such approaches should impact both lytic and latent herpesvirus infections. Indeed, recently, the HSV-1 genome has been targeted by using meganucleases \[[@ppat.1005701.ref050], [@ppat.1005701.ref051]\]. Here, we performed proof-of-concept studies to show that the CRISPR/Cas9 genome engineering system can be efficiently used to limit or eradicate three of the most prevalent herpesviruses from human cells: HSV-1, HCMV and EBV.

EBV relies on EBNA1 for maintenance of the viral episome. EBNA1 is a well-studied protein that is consistently expressed in EBV-infected cells, including all EBV-associated malignancies \[[@ppat.1005701.ref038], [@ppat.1005701.ref052]--[@ppat.1005701.ref054]\]. Indeed, selective EBNA1 inhibition via siRNAs \[[@ppat.1005701.ref055]\], small molecule inhibitors \[[@ppat.1005701.ref056], [@ppat.1005701.ref057]\], or dominant-negative forms of the protein \[[@ppat.1005701.ref058]\] impairs EBV latency and results in a loss of EBV episomes from infected cells. In the present study, we show that the CRISPR/Cas9 system can indeed target the EBNA1 protein-coding sequence or regulatory EBNA1 binding sites on the EBV genome, as a means to inhibit EBV episome maintenance. We show that the CRISPR/Cas9 system can target and edit EBV genes in naturally EBV-transformed cells of lymphoid and epithelial origin. Taken into account that the gastric carcinoma cell line SNU719 carries ±800 EBV genomes/cell \[[@ppat.1005701.ref059]\], the efficiency of editing was high. Indeed, targeting of the essential EBNA1 gene using a single gRNAs in Akata-Bx1 cells resulted in 50--60% loss of latent EBV from cells. However, a proportion of the cells still contained EBV, which could be either wt unedited EBV, or mutant EBV that has received CRISP/Cas9-mediated mutations at the target region while retaining EBNA1 activity (e.g. by in an in-frame deletion). Subsequent introduction of a second gRNA targeting a different region on the EBNA1 gene, however, further enhanced the removal to up to 95% of EBV genomes. We hypothesize that simultaneous administration of multiple anti-EBV gRNAs into latently infected cells will further enhance the destabilization of EBV episomes and may facilitate complete eradication of the virus. This clearance could result in the loss of EBV-driven tumorigenic, cell cycle-promoting functions, anti-apoptotic features, and anti-inflammatory functions of EBV-encoded gene products and as such may serve as a new therapeutic strategy to combat EBV-associated malignancies. Indeed, an independent study showed that transient transfection of multiple anti-EBV gRNAs cleared EBV from a small subset of latently infected Raji B-cells, thereby inducing a proliferation arrest in these cells \[[@ppat.1005701.ref029]\]. Our approach relies on stable expression of anti-EBV gRNAs via lentiviral vectors and induces an almost complete loss of EBV episomes, suggesting that a further optimization of this approach may allow for the complete removal of EBV from human cells.

CRISPR/Cas9 targeting of essential HCMV and HSV-1 genes efficiently abrogated virus replication in human cells. The mechanism of protection by CRISPR gRNAs is likely threefold. Introducing a dsDNA break in the viral genome may impair packaging of intact viral genomes, limiting the production of viral particles. Second, a dsDNA cut within an essential gene may impair the production of the targeted protein, and hence impact the biology of virus replication. Third, upon repair of the CRISPR/Cas9-induced dsDNA break by the hosts' non-homologous end joining machinery, the target site is frequently mutated, resulting in the formation of virus mutants with (often) impaired protein function. In the latter case, the generation of new viral particles may be hampered directly, or mutated DNA may be properly packaged into new viral particles, but replication is subsequently halted in newly infected cells. In all three cases, the virus replication will be impaired. Indeed, for HSV-1 we observe a block in virus replication when we target either essential or nonessential genes. This indicates that a dsDNA cut within the HSV-1 genome alone is sufficient to impact virus replication, likely because less correctly assembled viral particles are generated, thereby blocking subsequent infection of naïve cells. By targeting essential HSV-1 genes, we observe an increased impairment of HSV-1 replication. Here, the effect is likely caused by a combination of genome destabilization and impaired expression of the essential genes. The latter effect is further enhanced by simultaneous targeting of two essential genes using two gRNAs. Here, the viral genome may be fragmented, which adds to the potency observed for single anti-HSV-1 gRNAs. Indeed, when targeting two sites in a given linear piece of DNA, large parts can be excised out of human \[[@ppat.1005701.ref017], [@ppat.1005701.ref060]\], dsDNA viral \[[@ppat.1005701.ref023], [@ppat.1005701.ref024], [@ppat.1005701.ref029], [@ppat.1005701.ref030], [@ppat.1005701.ref061]\], and integrated HIV genomes \[[@ppat.1005701.ref032]--[@ppat.1005701.ref036]\]. Intriguingly, we did not observe reduced virus replication when targeting the nonessential HCMV genes US7, US10, or US11, whereas targeting essential genes did. This result was unexpected, and may be caused by a difference in replication kinetics between HCMV and HSV-1. Since HCMV is a slowly replicating virus, the DNA repair machinery may have sufficient time for complete repair of the cleaved viral genomes to occur. Since *in vitro* replication of the mutant HCMV is not affected by mutations in nonessential genes, the virus may replicate as efficiently as the wild type virus. However, for fast-replicating viruses such as HSV-1, the replication speed could outpace the time needed for complete dsDNA break repair. Indeed, nonhomologous end-joining (NHEJ) kinetic studies \[[@ppat.1005701.ref062]\] showed that ±75% of dsDNA breaks in MRC5 cells are repaired within a two-hour timeframe, whereas complete repair requires approximately 24 hours to occur. Since HSV-1 has a replication cycle of less than 18 hours \[[@ppat.1005701.ref063]\], it is possible that slow NHEJ kinetics impacts HSV-1 more profoundly than HCMV that has a replication cycle of ±72 hours \[[@ppat.1005701.ref063]\].

Although the majority of gRNAs targeting essential genes of HSV-1 and HCMV were effective in abrogating virus replication, some showed limited to no activity (Figs [3A](#ppat.1005701.g003){ref-type="fig"} and [5A](#ppat.1005701.g005){ref-type="fig"}). Indeed, CRISPR/Cas9 activity can vary greatly between different gRNA sequences targeting the same gene \[[@ppat.1005701.ref064]\]. The potency of gRNAs is partially dependent on sequence features of the expressed gRNA as well as the composition of the PAM sequence and downstream nucleotides in the target allele \[[@ppat.1005701.ref064]\]. Additionally, local chromatin structure at the genomic target site impacts the ability of Cas9 to bind to DNA \[[@ppat.1005701.ref065], [@ppat.1005701.ref066]\], and thereby affect CRISPR/Cas9 activity. Since HSV-1 is a fast replicating virus, low activity anti-HSV-1 gRNA are likely ineffective in abrogating virus replication and spread as unaltered HSV-1 virus replication will quickly outcompete mutant viruses.

Using single gRNAs targeting genes essential for HCMV or HSV-1, we were able to severely impair replication of these viruses in human cells. Using a double gRNA--expression approach, the generation of new infectious HSV-1 was completely blocked, which caused a \>10^6^ drop in virus titers. We did observe the emergence and selection of escape mutants upon single gRNA treatments targeting essential genes for both HCMV and HSV-1. The HCMV mutants were derived from CRISPR/Cas9-induced genome editing events, as all selected variants displayed editing at the gRNA target cleavage site. There was a strong selection for variants that retained the reading frame of the targeted genes, as \>95% of identified variants contained deletions of complete codons (changes of 3-6-9-12 bp etc) at the target site, whereas for gRNAs targeting the nonessential US7 and US11 genes such edits occurred at much lower frequencies (±15%). The 'in frame' variants likely retained (partial) functionality of the targeted proteins and were hence selected for during the infection cycle. Indeed, in the plaque assay performed with supernatants harvested from anti-UL8 gRNA-expressing cells, we noted the presence of small plaques indicative of presence of infectious, yet attenuated HSV-1 variants. Importantly, we did not observe any outgrowth of escape mutants when we targeted two essential HSV-1 genes. Apparently, the impact of HSV-1 genome fragmentation together with the loss of essential viral gene expression is too stringent to allow for the formation of infectious virus variants that bypass CRISPR/Cas9 targeting. Further increasing the number of anti-viral gRNAs expressed within a single cell may enhance this protective effect.

We observed broadly similar potencies of anti-HCMV gRNAs towards two commonly used HCMV strains (AD169 and TB40/E). However, CRISPR/Cas9 targeting of the HCMV UL84 gene protected human cells from infection by the AD169 strain, but not by the TB40/E strain. Previously, it has been shown that replication of HCMV strain TB40 is indeed UL84-independent \[[@ppat.1005701.ref043]\]. If the CRISPR/Cas9 system is to be applied to combat human herpesviruses in a clinical setting, it would be important to target viral genes that are essential for all clinical virus isolates. Also, since the CRISPR/Cas9 system acts on dsDNA, directing gRNAs to well-conserved regions in these genes is essential to target the majority of viral strains. Nevertheless, CRISPR/Cas9 target cleavage does allow few mismatches between the target DNA and the gRNA \[[@ppat.1005701.ref017]\], allowing also less conserved regions to be targeted. In our studies, we targeted gRNAs to the N-terminal coding regions of essential viral genes. In this approach, indel mutations causing frame-shifts will completely impair protein function. An alternative strategy to further enhance the potency of anti-viral CRISPRs is to target gRNAs to DNA coding for key amino acid residues within such essential proteins. This way, any substitution or indels at these sites could render the targeted protein non-functional and prevent the emergence of escape mutants. Unlike fast-evolving RNA viruses such as HIV and Influenza virus \[[@ppat.1005701.ref067]\], dsDNA herpesviruses evolve at a slow rate \[[@ppat.1005701.ref068]\]. Therefore, the emergence of escape mutants will be mainly governed by the stochastic process of CRISPR/Cas9-induced error-prone NHEJ, and not by mutagenesis events caused by the replication machinery. Indeed, the likelihood of generating in-frame indels at a target site is relatively high (±15% for HCMV US7 and US11 genes) resulting in a significant chance for selecting mutant virus that retain fitness. Thus, instead of using single gRNAs to target herpesviruses, simultaneous administering of multiple CRISPR gRNAs will further reduce the likelihood of generating escape mutants as the viral genome will not only be mutagenized at multiple essential sites, but will also become fragmented

The potential of the CRISPR/Cas9 system to induce off-target editing of the human genome has been a matter of concern \[[@ppat.1005701.ref015], [@ppat.1005701.ref069]\]. Even though our CRISPR-expressing cells continuously expressed the CRISPR/Cas9 system for several weeks, we did not identify any obvious off-target activity at the top three predicted off-target sites for the nine most potent gRNAs. However, it remains possible that these gRNAs do induce editing at other genomic sites. Clearly, if the CRISPR/Cas9 system would be applied to combat herpesviruses in a clinical setting, the potential off-target activity should be reduced to an absolute minimum. Much progress has been made to limit CRISPR/Cas9 off-target activity. For example, Ran *et al*. describe the use of paired gRNAs in combination with a Cas9 mutant that can only induce nicking in the dsDNA. NHEJ will only occur when two successful gRNA-directed cuts occur in close proximity \[[@ppat.1005701.ref070]\]. Another study describes the use of tru-gRNAs, where shortened gRNAs retain their potent on-target activity, but show much reduced off-target editing \[[@ppat.1005701.ref071]\]. A combination of these two approaches may further reduce the (already limited) off-target activity of the CRISPR/Cas9 system. Another strategy is to engineer Cas9 derivatives by mutagenesis that have reduced off-targeting potential, yet retain their on-targeting activity \[[@ppat.1005701.ref072]--[@ppat.1005701.ref074]\]. Alternatively, as many Cas9 endonuclease variants exist in nature, it is likely that new variants will be identified that hold potent on-target, yet low off-target activity. A combination of these approaches will further reduce the (already limited) off-target activity of the CRISPR/Cas9 system.

Our data show that the CRISPR/Cas9 system can efficiently target latent EBV, but not quiescent HSV-1 in the model used. Although we did identify minor CRISPR/Cas9-mediated editing of quiescent HSV-1 in MRC5 cells in 2 out of 5 sequencing samples, it remains unknown whether this activity was directed towards the quiescent genome or towards new progeny virus that derived from an early spontaneous reactivation event. The MRC5 quiescence model can display spontaneous reactivation of HSV-1, which results in rapid virus replication and spread. Although we did not detect any signs of spontaneous reactivation in the experiments as presented in [Fig 7C](#ppat.1005701.g007){ref-type="fig"}, it is conceivable that an early reactivation event occurred, which was subsequently targeted by the expressed gRNA and identified in the deep-sequencing studies. The minor HSV-1 editing that is observed cannot explain the efficient abrogation observed in HSV-1 replication upon HCMV-induced HSV-1 reactivation ([Fig 7A](#ppat.1005701.g007){ref-type="fig"}). Hence, anti-HSV-1 gRNAs are efficient in targeting actively replicating virus, whereas quiescent HSV-1 genomes are inefficient substrates for the gRNAs used in the model we studied. The mechanisms underlying latency differ for various herpesviruses. This may result in differences in sensitivity to CRISPR/Cas9-mediated editing of latent genomes. EBV resides as an episome in the nucleus of actively dividing cells, where EBNA1 mediates replication of the viral genome via the host replication machinery without the formation of progeny virus \[[@ppat.1005701.ref007]\]. HSV-1 latency on the other hand, occurs in non-dividing cells in sensory neurons where no genome replication occurs \[[@ppat.1005701.ref075]\]. During latency, the HSV-1 genome is heavily methylated and viral gene expression is restricted \[[@ppat.1005701.ref075]\]. It is suggestive that the CRISPR/Cas9 system is inefficient in accessing the tightly repressed state of the HSV-1 quiescent genome, whereas the open structure of the EBV genome during replication is accessible. Indeed, studies using models in human fibroblasts show that the quiescent HSV-1 genome is present in a tightly repressed state which is not responsive to most reactivation stimuli that normally de-repress latent genomes in neuronal cells \[[@ppat.1005701.ref076], [@ppat.1005701.ref077]\]. Hence, the low activity of CRISPR/Cas9 towards quiescent HSV-1 as observed in our model may not recapitulate the effect of anti-HSV-1 gRNAs *in vivo*. Additional *in vitro* and *in vivo* model systems are needed to assess whether CRISPR/Cas9 can target HSV-1 latency.

Human herpesviruses cause a wide range of diseases. The CRISPR/Cas9 approach may provide an attractive new strategy to combat such complications by directly impairing replication and removing these viral invaders from infected cells. The potential applications are abundant; one could direct anti-EBV gRNAs to remove EBV from EBV-driven tumors as an anti-tumor treatment. Anti-EBV and HCMV gRNAs may be used to deplete virus from tissues prior to transplantation, preventing donor-derived infections in immunocompromised recipients. Upon optimization, anti-HSV-1 gRNAs may be used to target latent HSV-1 in trigeminal ganglia, thereby curing herpes simplex keratitis, a common cause of eye infection leading to corneal blindness. VZV-associated zoster and the related post-herpetic neuralgia, a frequent and serious complication, may be treated in a similar fashion. In all these cases, the development of potent CRISPR/Cas9 delivery systems is of key importance. We have performed our studies using lentiviral delivery vectors; such vectors have been used as delivery vehicle in 114 clinical trials (<http://www.abedia.com/wiley/vectors.php>) and have proven efficient at correcting genetic defects in humans \[[@ppat.1005701.ref078]\]. Other viral delivery systems may rely on non-integrating adenoviruses or recombinant adenovirus-associated virus (rAAV) as vectors. These non-integrating viruses have been found to effectively deliver a wide-range of genetic factors into human cells and the first rAAV vector has recently been approved for the treatment of lipoprotein lipase (LPL) deficiency in Europe \[[@ppat.1005701.ref079], [@ppat.1005701.ref080]\]. Especially the neurotropic nature of rAAV vectors \[[@ppat.1005701.ref081]\] make these viruses attractive vehicles to introduce anti-HSV-1, HSV-2 and VZV gRNAs into infected neuronal cells. Furthermore, alternative delivery methods, such as the direct delivery of proteins to cells \[[@ppat.1005701.ref082], [@ppat.1005701.ref083]\], may remove the risk of insertional mutagenesis.

In conclusion, we have shown that CRISPR/Cas9 technology can effectively clear herpesvirus infections from human cells *in vitro*. We observed highly efficient and specific clearance of EBV from latently infected tumor cells and impairment of HSV-1 and HCMV replication in human cells. By combining two gRNAs targeting two essential HSV-1 genes, we completely inhibited the generation of new infectious virus during a lytic HSV-1 infection *in vitro*. Although CRISPR/Cas9 was inefficient at directing genome engineering of quiescent HSV-1 in our *in vitro* model, virus replication upon reactivation of quiescent HSV-1 was efficiently abrogated using anti-HSV-1 gRNAs. These new insights may allow the design of effective therapeutic strategies to target human herpesviruses during both latent and productive infections.

Methods {#sec012}
=======

Cell lines and viruses {#sec013}
----------------------

MRC5 human lung fibroblast cells, 293T human embryonic kidney cells, and Vero African Green monkey kidney epithelial cells, were obtained from ATCC (American Type Culture Collection). SNU719 cells were kindly provided by Prof. Jaap Middeldorp and were originally obtained from the Korean Cell Line Bank. MRC5 and Vero cells were grown in DMEM (Lonza AG, Switzerland) supplemented with glutamine, penicillin/streptomycin and 10% FCS. 293T and SNU719 cells were grown in RPMI 1640 medium (Lonza AG, Switzerland) supplemented with glutamine, penicillin/streptomycin and 10% FCS.

The EBV-positive Akata-Bx1 cells were kindly provided by Prof. Lindsey Hutt-Fletcher (Louisiana State University Health Sciences Center, Shreveport, USA). Akata-Bx1 cells carry a latent recombinant EBV in which the nonessential thymidine kinase gene has been replaced with a neomycin resistance gene under control of the thymidine kinase promoter and a modified eGFP gene under control of the CMV promoter \[[@ppat.1005701.ref039]\].

The AD169-eGFP recombinant virus was kindly provided by Prof. Robert Kalejta (University of Wisconsin, MA, USA). AD169-eGFP (referred to as AD169 in the text) carries a simian virus 40 early promoter-driven eGFP gene in place of the viral US4-US6 region \[[@ppat.1005701.ref084]\]. The UL32-eGFP-TB40/E strain was kindly provided by Prof. Christian Sinzger, Universitätsklinikum Ulm, Germany). UL32-eGFP-TB40/E (referred to as TB40/E in the text) is a recombinant HCMV expressing eGFP fused to the C terminus of the capsid-associated tegument protein pUL32 (pp150) \[[@ppat.1005701.ref042]\]. HCMV viruses were propagated in MRC5 cells using standard culturing and harvest techniques. HCMV titers were determined in MRC5 cells using the eGFP marker as readout.

The HSV-1-eGFP strain constructed by Prof. Peter O' Hare (Imperial College, London, UK) was kindly provided by Dr. Georges Verjans (Erasmus Medical Center, Rotterdam, The Netherlands). HSV-1-eGFP is a derivative of HSV-1 strain 17 expressing a VP16-eGFP fusion protein \[[@ppat.1005701.ref085]\]. HSV-1-eGFP virus was propagated in Vero cells using standard culturing and harvest techniques and viral titers were determined in Vero cells using the eGFP marker as readout.

HCMV strain AD169 was obtained from ATCC (VR-538). AD169 virus was used to induce reactivation of latent HSV-1 by superinfection of latent MRC5 cells. AD169 virus was propagated in MRC5 cells using standard culturing and harvest techniques.

Lentiviral CRISPR/Cas9 vector and other DNA vectors {#sec014}
---------------------------------------------------

We constructed a selectable lentiviral CRISPR/Cas vector by altering the lentiviral pSicoR vector \[[@ppat.1005701.ref086]\] (Addgene plasmid 11579, Tyler Jacks Lab, MIT) to express a human codon-optimized nuclear-localized codon-optimized *S*. *pyogenes* Cas9 gene (taken from Addgene plasmid 42229 \[[@ppat.1005701.ref017]\], Zhang lab) that was N-terminally fused to PuroR via a T2A ribosome-skipping sequence \[[@ppat.1005701.ref087]\]. This cassette was expressed from the human EF1A promoter. Additionally, we replaced the mouse U6 promoter with a human U6 promoter which drives expression of a guideRNA (gRNA) consisting of a 18-20bp target-specific CRISPR RNA (crRNA) fused to the *trans*-activating crRNA (tracrRNA) \[[@ppat.1005701.ref088]\] and a terminator sequence. We generated a second variant of this vector, replacing the PuroR gene for a BlastR gene. These vectors are called pSicoR-CRISPR-PuroR and pSicoR-CRISPR-BlastR respectively. The pSicoR-CRISPR-PuroR vector was previously successfully used in Van de Weijer *et al* \[[@ppat.1005701.ref089]\].

crRNA target sequences were designed manually or using the [crispr.mit.edu](http://crispr.mit.edu) website (Zhang lab, MIT) by entry of the first 250 nucleotides downstream of the start codon for the selected genes. CRISPR gRNA sequences were selected by highest score for specificity and the least off-targets within the human genome, as provided by the online CRISPR design tool. For each virus gene target, multiple independent CRISPR gRNAs were selected and cloned into the pSicoR-CRISPR-PuroR vector and verified by sequencing. gRNA target sequences used in this study are presented as supporting information ([S1 Table](#ppat.1005701.s005){ref-type="supplementary-material"}). For the HSV-1 latency studies, gRNAs were introduced in a variant of the pSicoR-CRISPR-PuroR vector in which the Cas9 gene was removed. In these studies, Cas9 is expressed from the pSicoR-CRISPR-ZeoR vector. This vector is identical to pSicoR-CRISPR-PuroR vector, although PuroR was replaced by ZeoR and the U6-gRNA cassette was removed.

Lentiviral EBV miRNA reporters were cloned in the pSicoR backbone (Addgene plasmid 11579, Tyler Jacks Lab, MIT). For this, the CMV promoter was replaced with a human EF1A promoter that now drives expression of a PuroR-T2A-mCherry cassette allowing for selection and tracking of lentivirally transduced cells. Downstream of the PuroR-T2A-mCherry cassette we cloned single perfect miRNA target sites for the following EBV-encoded miRNAs: BART5-5p (5'-CGATGGGCAGCTATATTCACCTTG-3'), BART6-3p (5'-TCTAAGGCTAGTCCGATCCCCG-3'), and BART16-5p (5'-AGAGCACACACCCACTCTATCTAA-3'). All vectors were sequence verified.

Generation of CRISPR/Cas9 expressing cell lines {#sec015}
-----------------------------------------------

For lentiviral transductions, virus was produced in 24-well plates using standard lentiviral production protocols and third-generation packaging vectors. Due to the large size of the lentiviral pSicoR-CRISPR-PuroR and pSicoR-CRISPR-BlastR vectors, titers were often low. When necessary, lentiviruses were concentrated using Lenti-X (Clontech) ±10 fold prior use. Target cells were transduced with lentiviral supernatants in the presence of polybrene (4μg/ml) via spin infection at 1,000g for 90 minutes at 33 °C. Three days post infection, successfully transduced cells were selected via puromycin (2μg/ml) or blasticidin (10μg/ml) treatment. For Vero cells, we used 5μg/ml puromycin or 20μg/ml blasticidin respectively. Double gRNA expressing cell lines were generated by initial transduction using the appropriate pSicoR-CRISPR-PuroR vector, followed by complete puromycin selection and subsequent transduction with the appropriate pSicoR-CRISPR-BlastR vector and blasticidin selection.

Primary infections of CRISPR-expressing cells with HCMV-eGFP or HSV-1-eGFP {#sec016}
--------------------------------------------------------------------------

±35,000 CRISPR expressing cells were seeded in a 48 well plate in triplicate and infected with indicated MOIs of HCMV-eGFP or HSV-1-eGFP. The percentage of herpesvirus-infected cells were monitored in time by subjecting half of the well to flow cytometric analysis (FACSCanto II, BD BioSciences) to detect expression of the eGFP marker after formaldehyde fixing (1%) of the cells. For each flow cytometric measurement at least 2000 events were counted, although for some samples late in lytic infection this number could not be reached due to massive cell death. Flow cytometry data were analyzed using FlowJo software.

Anti-EBV CRISPR experiments {#sec017}
---------------------------

EBV miRNA sensor experiments were performed in latent EBV-positive SNU719 cells. Cells were transduced with control or anti-EBV miRNA gRNAs (see [S1 Table](#ppat.1005701.s005){ref-type="supplementary-material"} for sequences), selected by puromycin for 2 days, and allowed to recover for ±12 days. Subsequently, cells were transduced with mCherry EBV miRNA sensors for BART5-5p, BART6-3p, or BART16-5p and analyzed by flow cytometry 4 dpi to assess miRNA activity in these cells (FACSCantoII, BD). CRISPR-induced editing of the EBV genome was assessed in anti-BART5 and anti-BART16 gRNAs expressing cells by amplifying these loci by PCR amplification using primers 5'-CGGGCTATATGTCGCCTTAC-3' and 5'-AGAGGGTGGTGATCTTGGTG-3' for EBV BART5 and 5'-CCAGGTCAGTGGTTTTGTTTC-3' and 5'-TGGACCAACCTTAAAGTACCAAC-3' for EBV BART16. Subsequently, PCR products were cloned in the pCR2.1-TOPO vector according manufacturers' recommendations (Life technologies), transformed in Turbo competent cells (New England Biolabs) and several clones were mini-prepped (Fermentas) and subjected to sequencing (Macrogen Inc) using the M13-reverse primer 5'-GGAAACAGCTATGACCATG-3'. Sequence analysis was carried out using the Lasergene DNASTAR software package.

To assess the effect of anti-EBV CRISPRs on the EBV latent genome, Akata-Bx1 cells were transduced in triplicate with indicated anti-EBV or control gRNAs expressed from the pSicoR-CRISPR-PuroR vector. Cells were selected by puromycin for 2 days and allowed to recover. The percentage of eGFP-expressing cells as marker for latent EBV infection was monitored by flow cytometry (FACSCanto II, BD) around ±21 days post transduction and analyzed using FlowJo software. For double gRNAs, cells were initially transduced and puromycin-selected with gRNAs expressed from the pSicoR-CRISPR-PuroR vector, and subsequently transduced and blasticidin-selected with gRNAs expressed from the pSicoR-CRISPR-BlastR vector. Double anti-EBV gRNAs were monitored for eGFP expression at ±21 days post infection with the second gRNA.

gRNA off-target analysis {#sec018}
------------------------

To study the frequency of off-target editing in the human genome, we assessed the potential occurrence of off-target sites for nine gRNAs via the CRISPR design tool of the Zhang lab (<http://crispr.mit.edu/>). For each gRNA, we selected the top three scoring potential off-target sites and designed oligos using the primer3web (<http://bioinfo.ut.ee/primer3/>) to allow amplification of these sites (see [S2 Table](#ppat.1005701.s006){ref-type="supplementary-material"}). We subsequently amplified these sites from gRNA-expressing (cells were transduced with gRNAs at least two weeks prior genomic DNA isolation) and control cells using Platinum Taq DNA polymerase (Life Technologies), purified the samples using the GeneJet PCR purification kit (Thermo Scientific), and assessed the concentration of DNA by the Quant-iT PicoGreen dsDNA Assay kit (Invitrogen) or the Qubit dsDNA BR Assay (Life Technologies). PCR amplicons were pooled and sequenced via 454 sequencing. To allow discrimination between amplicons from control and CRISPR-expressing cells, we designed two primer-sets by adding a 454 linker and a unique barcode to the 5' end of the primers. Reverse and forward primers for CRISPR-expressing cells contained a 5'-[CGTATCGCCTCCCTCGCGCCATCAG]{.ul} **AGACGCACTC**-3' and 5'-[CTATGCGCCTTGCCAGCCCGCTCAG]{.ul} **AGACGCACTC**-3' addition respectively. Reverse and forward primers for control cells contained 5'-[CGTATCGCCTCCCTCGCGCCATCAG]{.ul} **AGACGCACTC**-3' and 5'-[CTATGCGCCTTGCCAGCCCGCTCAG]{.ul} **AGACGCACTC**-3' addition respectively. Underlined sequences represent 454 adapter sequences, and barcodes are indicated in bold. Amplicons from CRISPR-expressing cells and control cells were mixed in a 2:1 ratio and amplified on beads using the GS Junior Titanium emPCR Kit (Lib-A, Roche) and the GS Junior Titanium Sequencing kit (Roche). 454 sequencing was subsequently performed on a GS Junior System (Roche) and sequences were analyzed by using GS Amplicon Variant Analyzer software (Roche) and/or Seqman Pro software (DNAstar, Lasergene).

Sequencing of HCMV escape mutants {#sec019}
---------------------------------

Supernatants of HSV-1-eGFP infected (MOI 0.5) MRC5 cells expressing gRNAs targeting UL57 (gRNA \#1) and UL70 (gRNA \#4) were harvested after 21 dpi. Supernatants from gRNA expressing cells containing anti-UL7 and anti-US11 gRNAs were isolated at 2 dpi since these cultures were completely lysed after several days. The genomic target sites of the respective gRNA were amplified by PCR and subjected to 454 sequencing analysis essentially as described in the previous paragraph. The gene-specific regions of primers used for the amplification were (5'-3'): US7-fw: TTTTCCGGTAAACCGAATTG; US7-rev: TCGCTACACGTGTGGAAGAC; US11-fw: CCTCTAACGAGCTCCACAGG; US11-rev: CCGACGTCACTAGATCACCA; UL57-fw: CGCACAGAGACGCCGAAATC; UL57-rev: AATTGCTGGGATCGTTGCGG; UL70-fw: ATGGTGCTGTACTGGCCCTC; and UL70-rev: GTGAACAACGAAACGCTGCAG. Only variants with insertions and deletions at the target sites were used for analysis in [Fig 4A](#ppat.1005701.g004){ref-type="fig"}, as 454 sequencing cannot accurately assess single nucleotide substitutions.

qPCR analysis {#sec020}
-------------

Real Time quantitative Polymerase Chain Reaction (RT-qPCR) was performed using TaqMan universal PCR master mix (Applied Biossystems, Life Technologies) to quantify the relative amount of HSV-1 genomic DNA present in the supernatants from HSV-1 infected cells and EBV genomic DNA present in latently infected Akata-Bx1 cells. For HSV-1 qPCRs, supernatants were heat inactivated and subjected to triplicate TaqMan measurements using forward primer 5'-TTCTCGTTCCTCACTGCCTCCC-3', reverse primer 5'-GCAGGCACACGTAACGCACGCT-3', and FAM-TAMRA HSV-1 specific probe 5'-CGTCTGGACCAACCGCCACAC-3'. For EBV qPCR, genomic DNA was isolated using the Wizard genomic DNA isolation kit (Promega), which was subjected to qPCR using forward primer 5'-GGAACCTGGTCATCCTTTGC-3', reverse primer 5'-ACGTGCATGGACCGGTTAAT-3', and FAM-TAMRA TaqMan probe 5'-CGCAGGCACTCGTACTGCTCGCT-3'. Virus-specific TaqMan qPCRs were normalized to RNAse P via the commercial TaqMan Gene Expression Assay according to the instructions of the manufacturer (Applied Biossystems, Life Technologies). The relative viral DNA amount was calculated according to the comparative Ct method (User Bulletin number 2, ABI Prism 7700 Sequence Detection System, P/N 4303859). Relative genome content values for each condition were averaged from triplicate technical measurements and standard deviations were calculated from biological triplicate measurement of the same condition.

To determine the amount of HSV-1 genomes present in latent MRC5-Cas9 cells, genomic DNA was isolated using the Quick-gDNA Miniprep kit (Zymo Research, USA) from gRNA expressing latent cells pre-reactivation (see HSV-1 Latency generation) and subjected to qPCR essentially as described above. For each independently transduced HSV-1 latent MRC5-Cas9 sample the qPCR was performed in technical triplicate. Error bars and average Ct values were determined by calculating the standard deviation across all Ct values from each anti-HSV-1 gRNA biological replicates. All HSV-1 values were normalized to RNAseP levels. The 'empty vector' condition was normalized to 1.0.

HSV-1 plaque assay {#sec021}
------------------

HSV-1 plaque assays were performed in triplicate for each biological sample. 75,000 Vero cells were seeded in a 24 well plate well in complete DMEM and infected the following day with various dilutions of supernatant harvested from HSV-1 infected CRISPR-expressing Vero or MRC5 cells. After 3 hours incubation, cells were overlaid with 0.5% agarose (Seakem LE Agarose, Lonza AG, Switzerland) solution in complete DMEM and cultured for 3 days to allow the formation of plaques to occur. Afterwards, cells were fixed overnight at room temperature with 1% formaldehyde and stained using 0.5% crystal violet solution. After 3 washes with water, plates were allowed to dry and the numbers of plaques were counted by eye. Virus titers were calculated as plaque-forming units/ml (pfu/ml). If for a condition in the lowest dilution no plaques were detected, this was scored as not detected (ND). Images of plaques were taken using the EVOS FL Cell Imager (Life Technologies).

HSV-1 quiescency model {#sec022}
----------------------

The HSV-2 quiescency model from Russell *et al*. \[[@ppat.1005701.ref047], [@ppat.1005701.ref048]\] was adapted for HSV-1 in MRC5 cells. In short, MRC5-Cas9 cells were seeded in multiple 6-wells plates 3 days prior infection at 210.000 cells/well. After 3 days, the cells were infected with 105k viral HSV-1-eGFP particles/well at 37°C for one hour. The infected MRC5-Cas9 cells were subsequently washed twice with complete medium and incubated in a CO~2~ incubator at 42°C for 4 days. The culture medium was replaced every day. After 4 days, the cells were returned to regular cell culture conditions (37°C 5% CO2). Next, cells were monitored by fluorescence microscopy for 6 days to exclude wells displaying signs of spontaneously reactivation, which occurred in ± half of the wells. Cells were subsequently harvested and plated at 150,000 cells/well in 12-wells plates. The next day, wells not displaying signs of spontaneous reactivation were transduced with gRNA-carrying lentivirus and selected for after 3 days using puromycin (2μg/ml) for the duration of 3 days. MRC5-Cas9 cells containing quiescent HSV-1-eGFP were counted and 40,000 cells/well (48-well plate) were seeded in triplicate in 48 well plates. The remainder was pelleted and subjected to gDNA isolation using the Quick-gDNA Miniprep kit (Zymo Research, USA). The gDNA was subjected to qPCR to determine the relative HSV-1 genome content. Quiescent MRC5-Cas9 cells were infected the next day with AD169 HCMV (ATCC VR538) to trigger HSV-1-eGFP reactivation. Three days later, cells were harvested, fixed with formaldehyde (1%), and measured by flow cytometry to assess the percentage of eGFP-positive cells as a measure for cells with replicating HSV-1-eGFP.

Analysis of CRISPR/Cas9-mediated genome editing during HSV-1 latently {#sec023}
---------------------------------------------------------------------

gRNA target sites were amplified from gRNA-expressing quiescent MRC5 cells using the following gene-specific primers: UL8-fw 5'-TAGAAATCCCGCAGCTCCGTC-3', UL8-rev 5'-GGGGCGGTGAACTTTAGCAC-3', UL29-fw 5'-GAGGGCGTCAGTTTCAGGGAC-3', UL29-rev 5'-GATTCATTCCCCAACCCCGGTC-3', UL52-fw 5'-GCGCGGATCATCTCATATTGTTCC-3' and UL52--rev 5'- GACGAACATGGGTCGGGTTC-3'. Derived amplicons were isolated from 2% agarose gels by gel extraction (GeneJET PCR Purification Kit, ThermoFisher Scientific) and subjected to a second PCR reaction to increase product yield and add sequence tags (lower case sequence) for subsequent barcoding and Illumina adapter introduction: UL8_flank_fw 5'-tcgtcggcagcgtcagatgtgtataagagacagGGCGTTGCGACATACAAAATAC-3', UL8_flank_rev 5'-gtctcgtgggctcggagatgtgtataagagacagTATAAGTCTCGGGACCGCACTC-3', UL29_flank_fw 5'-tcgtcggcagcgtcagatgtgtataagagacagGTGCGAGAACCCACGACCAC-3', UL29_flank_rev 5'- gtctcgtgggctcggagatgtgtataagagacagCTCGGGAGACATACCTTGTCG-3', UL52_flank_fw -tcgtcggcagcgtcagatgtgtataagagacagTCTCATATTGTTCCTCGGGGCG-3' and UL52_flank_rev 5'-gtctcgtgggctcggagatgtgtataagagacagTCTTCGAACCTGTCTTGCTCCG-3'. Expand High Fidelity PCR system (Roche) was used for all PCR reactions according to manufacturer's instructions.

Amplified DNA was isolated from 2% agarose gels (GeneJET PCR Purification Kit, ThermoFisher Scientific), barcoded and prepared for Illumina MiSeq sequencing using the 16S Metagenomic Sequencing Library Preparation kit (Illumina). DNA concentrations were determined by the Qubit fluorometer 2.0 (Life Technologies, USA) with the Qubit dsDNA High Specificity assay kit. DNA libraries were sequenced by Illumina MiSeq (250bp paired-end). Obtained sequences were quality-checked with FASTQC v0.11.3 (<http://www.bioinformatics.babraham.ac.uk/projects/fastqc/>) and trimmed with seqtk version 1.0-r31. Sequences were aligned to the viral reference sequences by using Bowtie2 version 2.2.6 \[[@ppat.1005701.ref090]\] using the sensitive-local alignment mode. Alignments were converted to bam format and indexed with samtools version 1.3 \[[@ppat.1005701.ref091]\] and analyzed in Tablet version 1.14.04.10 \[[@ppat.1005701.ref092]\] for CRISPR/Cas9 specific indels at the gRNA target site.

Supporting Information {#sec024}
======================

###### EBV BART miRNAs are active in SNU719 cells and can be targeted by CRISPR/Cas9.

**a)** Schematic representation of miRNA sensor constructs used to asses specific EBV miRNA activity in EBV-positive cells. The human EF1a promoter drives expression of the fluorescent mCherry gene which holds a single perfect target site for a given EBV miRNA in its 3'UTR. **b)** EBV-positive SNU719 cells were transduced with the indicated EBV miRNA sensor constructs or vector control lacking miRNA targetsites. The mCherry-reporter expression was assessed by flow cytometry and showed a clear downregulation caused by silencing activity of the indicated EBV BART miRNA **c)** Schematic representation of the studies presented [Fig 1A](#ppat.1005701.g001){ref-type="fig"}. Briefly, EBV-positive SNU719 cells are transduced with a given miRNA sensor construct (lower panels) or control vector (top panels). The control vector induces high level of mCherry expression, whereas the miRNA reporter vector display reduced mCherry levels as the given EBV miRNA is expressed in the EBV+ cells thereby repressing reporter expression (see b)). Subsequently, anti-miRNA gRNAs are introduced that induce site-specific mutations at the miRNA target genes. Therefore, miRNA-induced silencing of the miRNA reporter is abrogated resulting in enhanced expression of mCherry.

(EPS)

###### 

Click here for additional data file.

###### No signs for off-target activity of anti-HSV-1 gRNAs.

To assess the activity of the three most potent anti-HSV-1 gRNAs towards potential off-target sites within the human genome, the top three predicted off-target sites (as assessed by the CRISPR design tool [crispr.mit.edu](http://crispr.mit.edu)) were PCR amplified from gRNA-expressing and controls cells. These were subsequently subjected to standard Sanger sequencing. CRISPR/Cas9-mediated genome-editing normally results in the emergence of a mixed read in the sequencing histogram initiating 3 basepairs upstream the PAM sequence (the Cas9 cleavage site). Since there are no apparent mixed reads visible at the Cas9 cleavage sites, it can be concluded that no overt off-target editing has occurred at these sites. Similar conclusions can be drawn from deep-sequencing analysis of 18 additional off-target sites for six gRNAs targeting HCMV and EBV ([S3 Table](#ppat.1005701.s007){ref-type="supplementary-material"}).

(EPS)

###### 

Click here for additional data file.

###### HSV-1 quiescency model in MRC5 cells.

The HSV-2 quiescency model as described by Russell and Preston \[[@ppat.1005701.ref047], [@ppat.1005701.ref048]\] was adapted for MRC5 cells as described in the methods section. **a)** Displayed are MRC5 cells harboring quiescent HSV-1 as visualized by light microscopy before (left panels) and 3 days after reactivation with HCMV (right panels). **b)** Cells were analyzed by flow cytometry to assess eGFP levels as measure for reactivated and replicating HSV-1.

(EPS)

###### 

Click here for additional data file.

###### CRISPR/Cas9-mediated HSV-1 editing during quiescence.

Sequencing of CRISPR-targeted quiescent HSV-1 genomes show low frequency editing at the indicated target sites. The HSV-1 genomic loci of UL8 and UL52 were amplified by PCR and subjected to Illumina sequencing. The gRNA-target sites are displayed in bold, the PAM sequence as red, underlined text, and the cleavage site as a triangle. Red nucleotides correspond to substitutions that do not match the reference sequence. The number of times each variant has been sequenced and the number of deleted/inserted nucleotides is indicated. Control vector treated quiescent MRC5 cells did not show any indels at these specific sites.

(EPS)

###### 

Click here for additional data file.

###### gRNA sequences used in this study.

(PDF)

###### 

Click here for additional data file.

###### Primer sequences for off-target analysis.

(PDF)

###### 

Click here for additional data file.

###### No signs for off-target activity of anti-HCMV and anti-EBV gRNAs.

(PDF)

###### 

Click here for additional data file.
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